The correlation between visceral adipose tissue volume (VATV), hepatic proton-density fat fraction (PDFF), and pancreatic PDFF has been previously studied to predict the presence of type 2 diabetes mellitus (T2DM). This study investigated VATV quantitation in patients with T2DM, prediabetes, and normal glucose tolerance (NGT) using MRI to assess the roles of VATV, hepatic, and pancreatic PDFF in predicting the presence of T2DM. Results: The VATV L2, VATV L3, and total VATV values of the T2DM group were significantly higher than the prediabetes and NGT groups (P<0.05). There was no statistically significant difference between the values of VATV L2, VATV L3, and total VATV between the prediabetes and NGT groups (P>0.05).
Introduction
The incidence of type 2 diabetes mellitus (T2DM) has significantly increased in the past decades, resulting in higher rates of hospitalization and cardiovascular morbidity and mortality (1) (2) (3) . Impaired fasting glucose (IFG) and impaired glucose tolerance (IGT) identify a group of patients at risk of developing T2DM, where abnormalities in glucose metabolism are present, but the elevation in glucose does not meet the diagnosis of T2DM (4) . Currently, emerging evidence has suggested that visceral adipose tissue (VAT) represents a much higher risk for T2DM (5, 6) . Previous studies such as those conducted by Neeland (7) and Wander (8) reported that VAT was independently associated with a higher incidence of prediabetes and T2DM in adults. However, the available data suggest that increased hepatic and pancreatic fat content is more commonly observed in prediabetic and diabetic patients (9) (10) (11) . However, some studies have reported inconsistent results when exploring the direct association between T2DM and pancreatic fat content (12) (13) (14) . One explanation for this inconsistency may be the various imaging modalities used for pancreatic fat content assessment (15, 16) . To the best of our knowledge, few reports have compared the association of T2DM and ectopic adipose deposition (such as the VAT, liver, and pancreas fat content), and ectopic adipose deposition as a predictor of T2DM has not been previously evaluated at all.
Magnetic resonance imaging (MRI) and computed tomography (CT) are well-established gold-standard methods to assess whole-body VAT. Given its nonionizing and high nature soft tissue contrast, MRI may be particularly suited and is used by most investigators (17) . The MRI protocol for iterative decomposition of water and fat with echo asymmetry and least square estimation image quantification (IDEAL-IQ) sequence is a new method with 6 echo times where fat and water can be separated (17, 18) . With a low flip angle to suppress the T1 effects and multiecho acquisition permit correction of the T2 effects, the IDEAL-IQ sequence leads to a more accurate modeling of the measurement of triglyceride fat content. Idilman et al. recently reported that IDEAL-IQ could accurately quantify hepatic fat deposition with good correlations observed between hepatic magnetic resonance spectroscopy and liver biopsy (18) (19) (20) . The IDEAL-IQ sequence was also used to measure the VAT and the pancreatic fat content in a single acquisition (17, 21) . However, the manual assessment of whole-body VAT is time-consuming and costly, and for this reason, several previous studies already used the regional visceral adipose tissue volume (VATV) to approximate and estimate the whole-body VATV. Some studies revealed that images in the higher abdomen (around the L2-L3 region) have significantly greater predictive values of total VAT volume (22) . Furthermore, other studies reported VAT at the level of the 3 rd lumbar vertebra had the highest correlation to the total VATV (23, 24) . The objective of this study was to use a data set of IDEAL-IQ MRI from prediabetes, T2DM, and nondiabetic adults. The aim was to measure VATV at the level of the 2 nd lumbar vertebrae (VATV L2), 3 rd lumbar vertebrae level (VATV L3), total VATV (VATV L2 and VATV L3), and hepatic and pancreatic proton-density fat fraction (PDFF) to investigate the differences in VATV in cohorts of patients with prediabetes, T2DM, and normal glucose tolerance (NGT). Specifically, VATV L2, VATV L3, total VATV, and hepatic and pancreatic PDFF were compared for their ability to predict the presence or absence of T2DM. For those with undiagnosed asymptomatic prediabetes or T2DM, routine serum glucose levels may not have been tested to prompt the diagnosis and appropriate treatment. Most patients with suspected metabolic syndrome often present with incidental fatty livers where abdominal MR imaging is routinely performed to monitor the liver fat content. Our study can predict the risk of diabetes mellitus by measuring ectopic fat deposition. This can prompt further testing appropriate for clinical diagnosis where treatment can be commenced. Furthermore, for patients who have been diagnosed with T2DM, MR fat quantitative measurement can also be used to monitor the progression of diabetes mellitus, allowing for a more comprehensive assessment when combined with biochemical tests.
Methods

Patients
The study protocol was approved by the Institutional Review Board of the First Affiliated Hospital of Sun Yat-Sen University and all of the patients enrolled provided written informed consent for participation. All of the study methods were carried out in accordance with the approved guidelines.
A total of 48 subjects were enrolled in the study (18 . Exclusion criteria for all of the investigations were smoking, metallic implants, and medications (such as steroids or diet pills) that influence body adipose composition. Patients with chronic or acute viral hepatitis (hepatitis A, B, or C) and other forms of hepatic or pancreatic disease including drug-induced, autoimmune, chemically toxic, and alcoholic-induced forms were also excluded from this study. All of the diabetic patients included in this study were newly diagnosed without prior treatment.
All of the subjects underwent the following blood laboratory tests: glycosylated hemoglobin (HbA1c), fasting blood glucose (FBG), 30 minutes of blood glucose (30BG), 2-hour post-meal blood glucose (P2BG), cholesterol (CHOL), triglyceride (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), alanine aminotransferase (ALT), aspartate aminotransferase (AST), long-acting insulin (Q insulin), homeostasis model assessment of insulin resistance (HOMA-IR), homeostasis model assessment β cell function (HOMA-β), insulin action index (IAI), and quantitative insulin sensitivity index (QIUCKI). All of the tests were measured using an AU5800 automatic biochemical analyzer (Beckman Coulter, Brea, CA, USA). Body mass index (BMI) was measured using the formula BMI = body weight (kg)/height 2 (m 2 ).
MRI examination
All of the enrolled subjects underwent MRI examinations using a 1.5-T MRI scanner (Brivo MR355, GE Healthcare, Chicago, IL, USA). Breathing training before MRI was performed to ensure optimal image quality. All of the patients underwent MRI scanning covering the diaphragm to the 4 th lumbar vertebral body in a supine position. Threeplane localization imaging was obtained at the beginning of the examination. The IDEAL-IQ sequence was acquired with the following parameters: TR =15.6 ms, 6 echoes in each TR, TE1 =1.2-1.5 ms (increment: 1.23 ms, 6 echoes); flip angle, 8°; and slice thickness, 10 mm. The images were processed using the software provided by the manufacturer to create water-phase, fat-phase, in-phase, and out-phase images, along with R2* and fat fraction maps.
Measurement of VAT volume
Each participant's fat fraction maps were imported into the processing workstation (Vitrea fX VES, Vital, Minnetonka, MN, USA). The workstation distinguished different tissues according to their signal intensity and automatically selected adipose tissue. After auto-selection, a senior radiologist reviewed and removed the unqualified adipose tissue, such as subcutaneous adipose tissue. Adipose tissue was measured 3 times, and the mean value was identified as the final data. The VAT volume corresponding to the 2 nd and 3 rd lumbar vertebral levels (VATV L2 and VATV L3) were extracted, respectively, and the sum of VATV L2 and VATV L3 was then computed and considered the total VATV ( Figure 1 ).
Measurement of hepatic and pancreatic PDFF
The MRI images were reviewed by a radiologist with more than 6 years of experience in abdominal imaging who was blinded to the clinical and biochemical data of all of the patients. The liver and pancreas PDFF levels were measured on the fat fraction maps using the workstation (AW 4.4, GE Healthcare). Hepatic PDFF levels were measured by placing 2 regions of interest (ROIs) each in the left and right lobes with an approximate ROI of 40-60 mm 2 . One ROI each in the head, body, and tail of the pancreas of approximately 10-15 mm 2 was placed, and the PDFF of each ROI was measured. Then, the average liver and pancreas PDFF levels were calculated. All of the ROIs were surrounded by the tissue of interest to ensure that the ROIs were within the tissue of interest, avoiding major vessels, ducts, and collecting systems ( Figure 2 ).
Statistical analysis
All statistical analyses were performed using SPSS (Version 20.0). The mean ± standard deviation described the continuous variables. The correlation analysis of VATV L2, VATV L3, and total VATV with each laboratory indicator was performed with the Spearman's rank correlation test. The differences in the continuous variables among the T2DM, prediabetes, and NGT groups were evaluated using one-way ANOVA or the Kruskal-Wallis H test according to the homogeneity of the variance test. The differences in the discrete variables among the T2DM, prediabetes, and NGT groups were evaluated using the chi-squared test. When there were statistical differences between all 3 groups, multiple comparisons were corrected using the Bonferroni method, and the corrected P value (P adjusted) was calculated by multiplying the P value with the number of tests performed (the number of tests in our study was 3). VATV L2, VATV L3, total VATV, and PDFF of the whole liver, whole pancreas, head, body, and tail of the pancreas were assessed for their ability to predict the presence of T2DM using the binary logistics regression model. A P value (or a P adjusted in the Bonferroni method) <0.05 was considered statistically significant.
Results
Correlation analysis of VATV L2, VATV L3, and total VATV with other clinical laboratory tests
HbA1c, 30BG, P2BG, TG, ALT, Q insulin, HOMA-IR, BMI, hepatic PDFF, and pancreatic PDFF showed a positive correlation (P<0.05) with VATV L2, VATV L3, and total VATV. HDL, IAI, and QUICKI showed a negative correlation (P<0.05) with VATV L2, VATV L3, and total VATV ( Table 2) .
The difference in visceral fat volume (VATV L2, VATV L3, and total VATV) in the T2DM, prediabetes, and NGT groups
The VATV L2, VATV L3, and total VATV values in the T2DM group were significantly higher than those in the prediabetes (VATV L2, P=0.03; VATV L3, P=0.006; and total VATV, P=0.008) and NGT groups (VATV L2, P=0.03; VATV L3, P=0.021; and total VATV, P=0.022. There was no statistically significant difference of the VATV L2, VATV L3, and total VATV values between the prediabetes and the NGT groups (VATV L2, P=1.00; VATV L3, P=1.00; and total VATV, P=1.00) ( Table 3) .
The difference in hepatic and pancreatic PDFF in the T2DM, prediabetes, and NGT groups
The hepatic PDFF in the T2DM group was significantly higher than that in the prediabetic (P=0.025, 
Receiver operating characteristic (ROC) curve analysis
The visceral adipose volume (VATV L2, VATV L3, and total VATV), in combination with the hepatic PDFF and pancreatic PDFF, was used to predict the incidence of T2DM, prediabetes, and NGT, using ROC curve analysis. The area under the curve (AUC) of VATV L2 was 0.76 for predicting the presence of T2DM, which was statistically significant (P<0.01). The optimal threshold of VATV L2
Figure 2 The ROIs (yellow circles) of the liver (A,B), pancreatic head (C), pancreatic body, and pancreatic tail (D). ROIs, regions of interest.
A B C D to predict the diagnosis of T2DM was 460.34 mL, with a sensitivity of 73.33%, a specificity of 75.76%, and an accuracy of 75% (Figure 3) . The AUC of VATV L3 was 0.80 for predicting the diagnosis of T2DM with statistical significance (P<0.01). The optimal threshold of VATV L3 as a predictor of T2DM was 429.46 mL, with a sensitivity of 86.67%, a specificity of 72.73%, and an accuracy of 77.08%.
The AUC of the total VATV was 0.80 for predicting the diagnosis of T2DM with statistical significance (P<0.01). The optimal threshold of the total VATV as a predictor of T2DM was 887.83 mL, with a sensitivity of 86.67%, a specificity of 72.73%, and an accuracy of 77.08%.
The AUC of hepatic PDFF was 0.79 for predicting the presence of T2DM, which was statistically significant (P<0.01). The optimal threshold of hepatic PDFF to predict the diagnosis of T2DM was 6.75%, with a sensitivity of 100%, a specificity of 51.53%, and an accuracy of 66.67%.
The AUC of pancreatic PDFF was 0.75 for predicting the diagnosis of T2DM, which was with statistically significant (P<0.01). The optimal threshold of pancreatic PDFF as a predictor of T2DM was 6.02%, with a sensitivity of 100%, a specificity of 45.51%, and an accuracy of 62.54%.
The ROC curves of VATV L2, VATV L3, total VATV, hepatic PDFF, and pancreatic PDFF failed to predict the presence of prediabetes (VATV L2: P=0.16, VATV L3: Table 3 The differences in the VATV L2, VATV L3, total VATV, PDFF of the whole liver, whole pancreas, head, body, and tail of the pancreas among the T2DM, prediabetes, and NGT groups Variables *, P<0.05; **, P<0.01; ***, P<0.001. P adjusted: multiple comparisons were corrected using the Bonferroni method. T2DM, type 2 diabetes mellitus; NGT, normal glucose tolerance; PDFF, proton-density fat fraction. P=0.05, total VATV: P=0.06, hepatic PDFF, P=0.64; and pancreatic PDFF, P=0.57, Figure 4 ) and NGT (VATV L2: P=0.16, VATV L3: P=0.20, total VATV: P=0.20, hepatic PDFF, P=0.07; and pancreatic PDFF, P=0.16, Figure 5 ).
Binary logistics regression model analysis
Due to the lack of significant differences in the characteristics including gender, age, and BMI in the patients between the 3 groups, VATV L2, VATV L3, total VATV, and PDFF of the liver, pancreas, pancreatic head, body, and tail were used as independent variables to predict the presence of T2DM using binary logistics regression analysis. The results suggest that only VATV L3 demonstrated a statistically significant correlation with the presence of T2DM (P=0.01). An increase of 1 standard deviation in VATV L3 change was associated with a 1.01-fold increase in the odds of diabetes (OR, 1.01; 95% CI, 1.002-1.017). After adjusting the other variables, the predictive sensitivity, specificity, and accuracy of VATV L3 to predict the presence of T2DM were 80.00%, 88.20%, and 84.40%, respectively.
Discussion
Currently, ectopic adipose tissue deposit is recognized as one of the primary elements in the pathogenesis of IGT and T2DM (5) (6) (7) (8) . Given the focal accumulation of adipose tissue in the insulin-secreting organ with presumable effects on endocrine function, and excessive VAT disrupting multiple pathways in gluconeogenesis, significant interest has been focused on evaluating the fat content of the pancreas, liver, and VAT (17) . Several studies have published reports on the correlation of T2DM with ectopic fat compartments, such as hepatic fat content, pancreatic fat content, and VAT (26) (27) (28) (29) . However, no previous studies have as yet investigated which of the 3 is more closely associated with T2DM. This study aimed to provide more insight into the independent association of ectopic fat deposition and T2DM.
The present cohort obtained from the general population demonstrated that there were significant differences in the visceral adipose volume in the T2DM, prediabetes, and NGT groups, with a continuous increase in VAT from NGT and prediabetes in patients with T2DM.
Also, compared with VATV L2, the results of the ROC analysis showed that the AUC value of VATV L3 was more consistent with that of the total VATV. Furthermore, VAVT L3 and total VATV demonstrated better correlations with the presence of T2DM than VATV L2, hepatic PDFF, and pancreatic PDFF. This suggests the better predictive value of VATV L3 with total VATV for predicting the presence of T2DM compared to VAVT L2, hepatic PDFF, and pancreatic PDFF. This finding is consistent with the conclusion of Schweitzer et al., who proposed that the VAT accumulated on the 3rd lumbar vertebra level has a higher prediction effect for the whole-body VATV than any other level (23, 24) . This observation suggests the need to consider the role of metabolic differences rather than the conventional understanding of quantitative differences in visceral adipose content for prediabetic and diabetic patients. Shen et al. pointed out a possible explanation which was intraperitoneal adipose tissue (IPAT) and extraperitoneal adipose tissue (EPAT) (30, 31) . Since EPAT depots serve primarily as the mechanical cushions of the organs, and IPAT components have substantial metabolic activities, greater IPAT of VAVT L3 may be why VATV L3 it demonstrates better correlations with total VATV even when the VAT readings may not be high.
Specifically, the result of binary logistics regression analysis suggests that, as opposed to VATV L2, total VATV, hepatic PDFF, and pancreatic PDFF, only VATV L3 was significantly associated with the presence of T2DM. Neeland et al. found that excessive visceral fat, rather than general adiposity, was independently associated with the incidence of T2DM (7, 8) . However, Yamazaki et al. reported that pancreatic fat content was positively associated with the incidence of T2DM, but a multivariate analysis showed that pancreatic fat content was not independently associated with future T2DM (13) . Lack of an association between impaired beta cell function and pancreatic fat content was also reported in previous studies (12, 14, 32) . All of the studies above indicate that the VAT can predict the occurrence of T2DM with better accuracy than the fat content of the liver and pancreas. VAT is a high-risk factor for the development of prediabetes and T2DM, which may be a result of its greater catecholamine-stimulated lipolysis and inflammation (33, 34) . Moreover, the 3 rd lumbar vertebra level has a higher prediction effect for whole-body VATV than any other level (35) . Therefore, VATV L3 is a better predictor of the presence of T2DM than VATV L2, total VATV, PDFF of the liver, or PDFF of the pancreas. There are several limitations to this report. First, due to this study's strict inclusion criteria, every enrolled patient had to undergo a variety of examinations, resulting in a relatively small sample size. The small sample size may be accompanied by type II errors (23, 24) . Further studies with larger sample sizes are required to obtain more accurate findings. Second, this was a single-center study, so multicenter studies are required to explore the consistency in different ethnic populations. Finally, the term "abdominal VATV" in this study did not include pelvic visceral organs, so the results should be interpreted with caution.
In conclusion, the results indicate that VAVT was significantly higher in the subjects with T2DM compared to the prediabetic and healthy controls. The multivariable analysis indicated that VAVT L3 was the best predictor of T2DM compared to hepatic PDFF, pancreatic PDFF, VAVT L2, and total VATV. The measurement of abdominal adipose tissue at the optimal level will serve as an essential tool for the analysis of the effects of VATV on the presence of T2DM. Estimating VATV by noninvasive MRI may help identify individual predictive factors of potential metabolic diseases.
